We determined the gene expression profiles for 48 ATP binding cassette (ABC) transporters in matched colon cancer and normal colon tissues in order to provide insight into the mechanisms underlying expression of transporters related to colon carcinogenesis. The expression of ABCB1, ABCC1, ABCC2, ABCC3, and ABCG2 was altered in association with colon carcinogenesis. Among these transporters, the expression of ABCC3 was repressed by Wnt signaling pathway in colon cancer cell lines. Knockdown of the pathway components transcription factor 7-like 2 (TCF7L2) or b-catenin thus increased ABCC3 expression, whereas activation of Wnt signaling with inhibitors of glycogen synthase kinase-3b (GSK-3b) reduced it. ChIP and luciferase reporter assays also showed that TCF7L2 binds to the ABCC3 locus and regulates its expression. Finally, overexpression of ABCC3 in colon cancer cells conferred resistance to anticancer drug-induced cytotoxicity. Our data thus suggest that Wnt signaling represses ABCC3 expression during colon carcinogenesis, and that subsequent upregulation of ABCC3 expression during drug treatment might contribute to acquired drug resistance.
We determined the gene expression profiles for 48 ATP binding cassette (ABC) transporters in matched colon cancer and normal colon tissues in order to provide insight into the mechanisms underlying expression of transporters related to colon carcinogenesis. The expression of ABCB1, ABCC1, ABCC2, ABCC3, and ABCG2 was altered in association with colon carcinogenesis. Among these transporters, the expression of ABCC3 was repressed by Wnt signaling pathway in colon cancer cell lines. Knockdown of the pathway components transcription factor 7-like 2 (TCF7L2) or b-catenin thus increased ABCC3 expression, whereas activation of Wnt signaling with inhibitors of glycogen synthase kinase-3b (GSK-3b) reduced it. ChIP and luciferase reporter assays also showed that TCF7L2 binds to the ABCC3 locus and regulates its expression. Finally, overexpression of ABCC3 in colon cancer cells conferred resistance to anticancer drug-induced cytotoxicity. Our data thus suggest that Wnt signaling represses ABCC3 expression during colon carcinogenesis, and that subsequent upregulation of ABCC3 expression during drug treatment might contribute to acquired drug resistance.
C olorectal cancer (CRC) is one of the most common types of cancer worldwide. Surgical resection is the only curative treatment available for primary CRC. Unresectable tumors are often treated with chemotherapy, and advanced CRC is treated with a combination of surgery and chemotherapy. Although the outcome of chemotherapy for CRC has improved since the introduction of combination regimens including 5-fluorouracil (5-FU) and either oxaliplatin or irinotecan as well as that of molecularly targeted drugs, (1) (2) (3) CRC remains a leading cause of cancer death. Development of more effective chemotherapeutic regimens for CRC is thus urgently needed.
Challenges faced by chemotherapy for CRC include sideeffects, high cost, (4) and development of drug resistance. Reduced drug absorption as well as increased drug metabolism and excretion at the systemic level thus lower the effective drug concentration in blood. (5) Furthermore, reduced drug uptake as well as increased drug metabolism and export in cancer cells increase drug resistance. ATP binding cassette (ABC) transporters are key mediators of the efflux of anticancer agents from cancer cells and therefore play an important role both in chemosensitivity of chemotherapy-naive cancer cells and in acquired resistance of cancer cells to anticancer drugs.
ATP binding cassette transporters are localized at the cell membrane and mediate the export of substrates including metabolites, lipids, proteins, saccharides, amino acids, inorganic and organic ions, metals, and drugs. (6) Among the 48 human ABC transporters, 12 proteins have been found to mediate the efflux of anticancer drugs. (5, 7) Inhibition of the activity of such transporters in cancer cells would be expected to increase the intracellular concentration of these drugs and thereby to increase their effectiveness. However, such inhibitors have failed to overcome anticancer drug resistance in clinical trials. (8) One reason for this failure is that the transporters are expressed not only in cancer cells but also in normal cells, in which they have important physiological roles, with the result that inhibition of transporter activity can be associated with a high incidence of adverse effects. The expression levels of certain ABC transporters were recently found to be markedly altered in several cancer types including CRC compared with corresponding normal cells, (9) suggesting that inhibitors that target such transporters might be associated with fewer side-effects.
Oncogenic transformation in CRC proceeds according to a well-characterized adenoma-carcinoma sequence. Normal epithelial cells thus progress to cancer cells in a stepwise manner associated with mutational activation of oncogenes. To identify ABC transporter genes whose expression levels change during colon carcinogenesis, we have now examined the expression levels of ABC transporter genes in normal colon and colon cancer tissue derived from chemotherapynaive patients. We then examined whether signaling associated with gene mutation during the adenoma-carcinoma sequence might regulate the observed changes in transporter gene expression. We found that the Wnt signaling pathway, which is activated at an early stage of the adenoma-carcinoma sequence, regulates the expression of ABCC3.
tumor at Tohoku University Hospital ( RT-qPCR, immunoblot, and ChIP-qPCR analyses. RT and quantitative PCR (qPCR), immunoblot, and ChIP-qPCR analyses were performed as described previously. (10) RT-qPCR data were normalized by the amount of b-glucuronidase (GUSB) mRNA. For ChIP-qPCR, HCT 116 cells were infected with a lentivirus encoding an shRNA specific for TCF7L2 mRNA (5ʹ-GAUGGAAGCUUACUAGAUU-3ʹ). The qPCR primers and antibodies used in this study are listed in Table S1 .
Statistical analysis. Data are presented as means AE SD for biological (not technical) replicates. For microarray analysis, differences were evaluated with the two-tailed, paired t-test or Welch's t-test depending on analysis of variance. Differences in other experiments were evaluated as indicated. Statistical analysis was performed with R (The R Foundation for Statistical Computing, ver. 3.0.2 or ver. 3.3.0, Vienna, Austria). A Pvalue of <0.05 was considered statistically significant.
Other methods. Additional methods are described in Supporting Information (Appendix S1).
Results
Gene expression profiles for 48 ABC transporters in normal colon and colon cancer. We determined gene expression profiles for three paired colon cancer (T1, T2, T3) and normal colon (N1, N2, N3) specimens collected from chemotherapynaive patients as well as for five colon cancer cell lines by RNA sequencing (RNA-seq) (Table S2 ). Clustering analysis according to correlation coefficients assigned expression profiles to two broad categories: cell lines and clinical specimens (Fig. S1 ). The clinical specimens were further divided into two groups-normal colon and colon cancer-rather than into three groups of samples obtained from the same individuals.
Among the 48 human ABC transporter genes, expression of eight genes (ABCB2, ABCB3, ABCB8, ABCB10, ABCC1, ABCC2, ABCE1, ABCF2) was upregulated, whereas that of 17 genes (ABCA2, ABCA5, ABCA6, ABCA8, ABCA9, ABCA10, ABCB1, ABCB4, ABCB5, ABCB11, ABCC3, ABCC8, ABCD2, ABCD3, ABCG1, ABCG2, ABCG4) was downregulated in each cancer specimen ( Fig. 1 and Table S3 ).
We next focused on 11 ABC transporters whose substrates were previously shown to include anticancer agents (5) ( Fig. 2a) . Reanalysis of a microarray data set (11) revealed that, among these transporters, expression of the genes for ABCC1 and ABCC2 was significantly upregulated, whereas that of those for ABCB1, ABCC3, and ABCG2 was significantly downregulated in colon cancer compared with normal tissue (Fig. 2a) . These findings are consistent with the results of another previous study (9) and our RNA-seq analysis (Fig. 2b) , and we validated these findings by RT-qPCR (Fig. 2c) .
Consistent with our gene expression data, immunohistochemistry revealed that the expression of ABCC3 (also known as multidrug resistance-associated protein 3, or MRP3) was prominent in normal colonic epithelial cells but was markedly downregulated in the corresponding colon cancer cells (Fig. 3) . The expression of ABCC3 was thus downregulated at both mRNA and protein levels in colon cancer compared with normal colon.
Wnt signaling represses ABCC3 expression in colon cancer cell lines. To identify signaling pathways that regulate the expression of ABC transporters during colon carcinogenesis, we examined transporter expression in relation to the adenomacarcinoma progression. We found that the expression of genes regulated by Wnt signaling, including BIRC5 (survivin), CCND1 (cyclin D1), and MYC (c-Myc), was markedly increased in the three colon cancer specimens compared with the paired control tissue (Table S3) . We therefore examined whether Wnt signaling might regulate the expression of the five ABC transporters implicated in colon carcinogenesis.
We tested the effects of inhibition or activation of Wnt signaling on ABC transporter expression in the colon cancer cell lines HCT 116, HCT-15, HT-29, and SW620. COLO 205 cells were excluded from such analysis because of a low transfection efficiency. Transcription factor 7-like 2 (TCF7L2) and b-catenin (CTNNB1) are transcriptional regulators in Wnt signaling. HCT 116 cells harbor an activating mutation in CTNNB1 but are wild type for the adenomatous polyposis coli gene (APC), and they therefore manifest constitutive activation of TCF7L2 (Table S4) . The other three cell lines studied are wild type for CTNNB1 but harbor loss-of-function mutations in APC, and they also manifest constitutive activation of TCF7L2 (Table S4) . We depleted the colon cancer cell lines of TCF7L2 or bcatenin by RNAi (Fig. 4a and Figs S2a,S3a) . Depletion of either TCF7L2 or b-catenin resulted in an increase in the abundance of ABCC3 mRNA in all four cell lines (Fig. 4b  and Fig. S3b ). In contrast, although the expression of ABCB1, ABCC1, ABCC2, and ABCG2 differed between tumor and normal tissue, depletion of TCF7L2 or b-catenin did not consistently affect these genes, suggesting that their expression is not directly regulated by Wnt signaling (Fig. S2b) . Depletion of TCF7L2 or b-catenin also increased the amount of ABCC3 protein in HT-29 cells (Fig. 4a) , although no such increase was apparent in the other cell lines (Fig. 4a and Fig. S3a) , possibly because of the lower expression level of the ABCC3 gene in these cell lines (Fig. 4c) . (12) Consistent with the results of RNAi, inhibition of Wnt signaling with a chemical inhibitor, ICG-001, significantly increased the amount of ABCC3 mRNA, whereas it reduced that of BIRC5 mRNA, in a concentration-dependent manner in both HT-29 and HCT 116 cells (Fig. 4d and Fig. S4a ). ICG-001 also induced a slight increase in ABCC3 expression in HCT-15 and SW620 cells, although this effect was not statistically significant (Fig. S4b,c) . In addition, the amount of ABCC3 protein was increased by ICG-001 treatment in HT-29 cells (Fig. S4d) . Together, these results revealed that inhibition of Wnt signaling increases ABCC3 expression.
We next examined whether activation of Wnt signaling represses ABCC3 expression. To activate Wnt signaling, we treated colon cancer cell lines with two inhibitors (AR-A014418 and LiCl) of glycogen synthase kinase-3b (GSK-3b). AR-A014418 or LiCl downregulated the amount of ABCC3 mRNA in HT-29 and SW620 cells in a concentration-dependent manner (Fig. 4e) . These agents also increased ABCC1 expression in HT-29 cells as well as reduced that of ABCC2 in HCT 116 cells and of ABCG2 in HT-29 cells (Fig. S5) . Together, these results suggested that activation of Wnt signaling represses ABCC3 expression at least in HT-29 and SW620 cells.
Binding of TCF7L2 to the ABCC3 locus. To examine whether TCF7L2 binds to the ABCC3 locus and thereby regulates its expression, we performed ChIP-qPCR. Inspection of ChIP-seq data for TCF7L2 in HCT 116 cells (13) revealed nine TCF7L2 binding regions at the ABCC3 locus (Fig. 5a ). ChIP-qPCR revealed that TCF7L2 was associated with putative TCF7L2 binding regions A, B, and C, but not with negative control regions D or E, in HCT 116 cells (Fig. 5b) . No specific binding was detected in HCT 116 cells depleted of TCF7L2 (Fig. 5b) .
To investigate whether TCF7L2 binding at these regions represses ABCC3 transcription, we performed luciferase reporter assays with DNA fragments encompassing regions A (500 bp), B (500 bp), and C (300 bp). The activities of intronic regions B and C, but not that of promoter region A or a control vector, increased significantly after knockdown of TCF7L2 in SW620 cells (Fig. 5c and Fig. S6a) . Similar results were obtained after knockdown of b-catenin ( Fig. 5d and Fig. S6b ), suggesting that regions B and C of the ABCC3 locus contain repressor elements.
Relation of ABCC3 expression to anticancer drug sensitivity. We examined whether inhibition of Wnt signaling with ICG-001 might reduce the sensitivity of colon cancer cells to anticancer drugs through upregulation of ABCC3 expression. Given that ABCC3 expression was previously shown to confer resistance to etoposide or teniposide in ovarian carcinoma cells, (14) we treated HT-29, SW620, HCT 116 and HCT-15 cells with these anticancer agents. Although ICG-001 appeared to reduce the sensitivity of colon cancer cells to both drugs (Fig. S7a-d , data not shown), ICG-001 itself markedly suppressed cell growth (data not shown), rendering its effect on drug sensitivity unclear.
To analyze directly the effect of ABCC3 on the sensitivity of colon cancer cells to these agents, we generated HT-29 and SW620 cells that overexpress ABCC3 at the cell surface (Fig. 6a,b, Fig. S7e ). We found that overexpression of ABCC3 reduced the sensitivity of both cell lines to both drugs (Fig. 6c-f ).
Discussion
Repression of ABCC3 expression by Wnt signaling. Mutations in APC and CTNNB1 that result in activation of Wnt signaling are associated with the early stage of the adenoma-carcinoma sequence for CRC. (15) We found that activation of Wnt signaling by GSK-3b inhibitors downregulated the abundance of ABCC3 mRNA in colon cancer cell lines. However, this effect was not observed in all the cell lines tested. Effects on the expression of other transporter genes were largely restricted to a single inhibitor or a single cell line. These differences may reflect differences in GSK-3b activity or gene mutations among the cell lines.
TCF7L2 has been thought to act as a transcriptional repressor in the absence of b-catenin and as an activator in its presence. (16) However, a recent study suggested that TCF7L2 acts as both a repressor and activator irrespective of b-catenin activity (17) : Among 149 genes directly regulated by TCF7L2 in rat H4IIE hepatoma cells, the expression of 94 genes (63.1%) was downregulated and that of 55 genes (36.9%) was upregulated after knockdown of TCF7L2.
Our ChIP-qPCR and previous ChIP-seq analyses showed that TCF7L2 and b-catenin bound to the ABCC3 locus in colon cancer cells. (13, 18, 19) In addition, we found that two intronic TCF7L2 binding regions showed repressor activity in a luciferase assay. These results suggest that TCF7L2 binds to intronic regions to repress ABCC3 transcription. It has been suggested that GATA3 tethers TCF7L2 to chromatin at sites where both GATA3 and TCF7L2 bind, and that TCF7L2 represses gene expression when tethered to chromatin via GATA3. (13) TCF7L2 may therefore act as a repressor at the ABCC3 locus through binding to other transcription factors such as GATA3.
Role of ABCC3 expression in colon carcinogenesis. We have found that ABCC3 expression is downregulated in colon cancer. This change is likely associated with oncogenesis itself rather than being induced by administration of anticancer drugs, given that the specimens examined in this study were derived from chemotherapy-naive patients. Bile acids were previously shown to be exported by ABCC3 and to promote tumorigenesis in the colonic epithelium through activation of the MAPK signaling pathway. (20) Downregulation of ABCC3 expression may therefore promote colon carcinogenesis as a result of the intracellular accumulation of secondary bile acids.
We found that inhibition of Wnt signaling increased ABCC3 mRNA abundance and that overexpression of ABCC3 was sufficient to reduce the sensitivity of HT-29 and SW620 cells to RT-qPCR analysis of colon cancer cells exposed to ICG-001 (d) or to AR-A014418 or LiCl (e). Data in (e) are expressed relative to the corresponding value for cells not exposed to inhibitor. All data are means AE SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed Student's t-test); n.s., not significant. etoposide and teniposide. These results suggest that Wnt signaling may affect the sensitivity of colon cancer cells to anticancer agents through regulation of ABCC3 expression. However, we were able to detect an increase in ABCC3 protein abundance in response to inhibition of Wnt signaling only in HT-29 cells. Moreover, we were not able to determine whether inhibition of Wnt signaling reduces drug sensitivity in colon cancer cells. The role of regulation of ABCC3 expression by Wnt signaling in drug sensitivity thus remains unclear.
Both etoposide and teniposide have been shown to be substrates of ABCC3, (14) although these drugs are not in clinical use for chemotherapy in patients with CRC. The sensitivity of the colon cancer cell lines HT-29 and SW480 to 5-FU, which is the most widely used drug in the treatment of CRC, (1, 2) was found to be increased by RNAi-mediated depletion of ABCC3. (21) Moreover, a previous microarray analysis showed that the abundance of ABCC3 mRNA was increased in 5-FUresistant HCT 116 cells (Fig. S8) . (22) These results thus suggest that ABCC3 plays a role in 5-FU resistance in colon cancer cells. However, we found that overexpression of ABCC3 did not significantly affect 5-FU sensitivity in HT-29 and SW620 cells (data not shown). Further studies are required to determine whether ABCC3 is responsible for acquired resistance to 5-FU-based chemotherapy.
In conclusion, we found that Wnt signaling regulates ABCC3 expression in colon cancer cells, with the ABCC3 locus being a target of the transcription factors TCF7L2 and bcatenin. Further studies are warranted both to investigate the possible role of downregulation of ABCC3 expression during colon carcinogenesis and to develop effective ABCC3-targeted drugs for the potential reversal of acquired resistance to 5-FU in colon cancer.
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